Here, we report on angle-resolved photoemission studies of the electronic π states of high-quality epitaxial graphene layer on a Ni(111) surface. In this system electron binding energy of the π states shows a strong dependence on the magnetization reversal of the Ni film. The observed extraordinary large energy shift up to 225 meV of the graphene-derived π-band peak position for opposite magnetization directions is attributed to a manifestation of the Rashba interaction of spinpolarized electrons in the π band with the large effective electric field at graphene/Ni interface.
The ability to manipulate a single electron spin using an external electric field would be crucial for nanoscopic spintronics [1, 2, 3] and related technological applications where both the charge and spin of electrons are utilized to represent information bits or to perform data processing. For example, the idea of a spin field-effect transistor (spin-FET) device introduced by Datta and Das [4] is based on the possibility to manipulate the spin of the injected electron via application of only an electrical field without any additional magnetic field. As it was realized early on by Rashba [5] an electric field acts as an additional magnetic field in the rest frame of a moving electron causing an energy splitting or spin precession.
At any crystal interface or surface a structural inversion asymmetry gives rise to the Rashba Hamiltonian: H R = α R (e × p) · s, where s is the spin of an electron, moving with momentum p = k in an electric field e and introduces an effective magnetic field perpendicular to k. The so-called Rashba coefficient, α R , is proportional to the electric field and depends further on the effective, material-dependent, spin-orbit coupling strength.
This additional Hamiltonian modifies the energy spectrum of electrons in the valence band and imposes a splitting on the electronic bands which is proportional to the electron wave
Here, ±M denotes two opposite directions of magnetization which is connected with spin of electron, s. To date, this effect has been found on non-magnetic heavy-element surfaces (Au(111) [6, 7] , Bi/Ag(111) [8] ), and magnetic (Gd(0001) [9] ) surfaces. Moreover, Rashba effect has been reported for two-dimensional electron gases in semiconductor heterostructures where a zero-magnetic-field splitting was observed [10] with a more recent demonstration of a gate-voltage control of the Rashba interaction in some semiconductor structures [11] . However, a high efficient spin-FET device (see Fig. 1 ,a) requires long spin relaxation time as compared to the mean time of transport through the channel combined with a sufficient difference of the spin rotation angles between two states ("0" and "1") as well as an insensitivity of spin rotation to the carrier energy.
In the recent theoretical work [12] spin-FET was proposed on the basis of a single graphene layer, a novel material consisting of a flat monolayer of carbon atoms packed in a twodimensional honeycomb-lattice, in which the electron dynamics is governed by the Dirac equation [13, 14] . Long electronic mean paths [14] and negligible spin-orbit coupling of the carbon based system [15] , i.e. large spin relaxation times, make graphene a best-choice material for the observation of near ballistic spin transport.
Here we report a strong Rashba "splitting" for the π-states in the epitaxial graphene layer on the Ni(111) surface. Instead of a large spin-orbit interaction like in heavy atom materials we make use of the effect of a strong effective electric field (E) due to a large asymmetry of a charge distribution at the graphene/Ni(111) interface caused by hybridization between the π states of graphene with the Ni 3d states [16, 17] . On the other hand, strong hybridization of the graphene π-states with the spin-split Ni 3d states in this system leads to the fact that the π states become spin-polarized and thus the sign of magnetization of the graphene/Ni(111) system can be reversed by applying a magnetic field of opposite direction. The experimental geometry is shown in Fig. 1,b . The graphene/Ni(111) sample is illuminated by the ultraviolet light (He IIα, hν = 40.8 eV) and angle-resolved photoemission spectra are measured for two opposite magnetization directions of the sample. The Rashba effect can be observed in this geometry due to the fact that three vectors (E, k, s) are orthogonal to each other.
The parasitic contributions of magnetic linear dichroism (MLD) are expected to be very small due to the weak spin-orbit interaction in graphene and may be effectively supressed in this geometry by placing the sample perpendicular to the incident light. Additionally, the Rashba effect results in a linear k-dependent energy shift of the electronic band dispersion whereas MLD would lead to a variation of the intensities of photoemission peaks which makes it possible to distinguish between the two effects.
Experiments were performed in two separated experimental stations in equal conditions. Scanning tunneling microscopy measurements were performed in ultrahigh vacuum (UHV) with an Omicron VT AFM/STM at room temperature using electrochemically etched tungsten tips that were flash annealed by electron bombardment. The "±" sign of the bias voltage denotes the voltage applied to the sample. Photoelectron spectra were recorded at room temperature in angle-resolved mode with a 180
• hemispherical energy analyzer SPECS PHOIBOS 150. The energy resolution of the analyzer was set to 50 meV and the angular resolution was 0.5
• . The light incident angle was 20
• with respect to the sample surface.
Angle-resolved measurements were performed in magnetic remanence after having applied a magnetic field pulse (±M) of about 500 Oe along the < 110 > easy magnetization axis of the Ni(111) thin film. A well ordered Ni(111) surface was prepared by the thermal deposition of Ni films with a thickness of about 150Å on to the clean W(110) substrate followed by a subsequent annealing at 300
• C. Prior to the film preparation the tungsten substrate was cleaned by several cycles of oxygen treatment and subsequent flashes at about 2300
An ordered graphene overlayer on Ni(111) was prepared via cracking of propene gas (C 3 H 6 ) according to a recipe described in Ref. [17] . A LEED study of the graphene/Ni(111) system reveals a well-ordered p(1 × 1)-overstructure as expected from the small lattice mismatch of only 1.3%. STM measurements indicate that a continuous epitaxial graphene layer was formed on the Ni(111) substrate.
Recent photoemission experiments on qusiparticle dynamics in graphene have been performed either on graphene layers formed on top of SiC(0001) substrates [18, 19, 20] or on single crystalline graphite [21] . Here we prepare a high quality epitaxial graphene layer via cracking of propene gas (C 3 H 6 ) on top of a Ni(111) surface [16, 17] . After the cracking procedure the Ni(111) surface is completely covered by the graphene film as demonstrated by scanning tunneling microscopy (STM). An STM image of the graphitized Ni(111) surface, acquired at room temperature and at a sample bias of +0.05 V, is shown in Fig. 2 ,a.
All investigated terraces display the same atomic structure showing three different levels of apparent heights (Fig. 2,b) . Section of b is overlaid by the honeycomb lattice of graphene.
The distance between the two atoms within A or B graphene sublattices (bright maxima or 2.3 eV which is close to the value observed earlier [16, 17] and in good agreement with the theoretical prediction of 2.35 eV [23] . This shift reflects the effect of hybridization of the graphene π bands with the Ni 3d bands and to less-extend with Ni 4s and 4p states so that a charge density gradient arise in the interface layer.
In Fig. 3 ,a we show two representative pairs of photoemission spectra measured for two opposite magnetization directions (±M) and for the emission angles θ = 0 • and θ = 24 for spectra taken in off-normal emission geometry whereas no shift is observed for spectra measured at normal emission. Although the states for opposite magnetization directions (±M) do not exist simultaneously (Fig. 3,a) , the observed energy shift is equivalent to the Rashba splitting at a nonmagnetic surface, and we shall further refer to it as the Rashba "splitting". The energy dispersions extracted from the photoemission spectra measured for two opposite directions of magnetization are shown in Fig. 3 ,b together with a zoom in the region around Γ point. Due to the additional Rashba energy both dispersions are shifted with respect to k = 0 with total ∆k = 0.08 ± 0.02Å. In Fig. 3 ,c we plot the magnitude of the Rashba "splitting" ∆E(k) obtained from the data shown in Fig. 3 The large Rashba "splitting" of the π states observed in this experiment is thus most probably due to the asymmetry of the charge distribution at the graphene/Ni(111) interface.
The hybridization between the π states of graphene and the Ni 3d states leads to a considerable charge transfer from 3d states of nickel surface atoms to the unoccupied π * states of the graphene monolayer [25] . As a consequence, a large potential gradient is formed at the interface and the electrons in the interface state are subject to an effective spatially averaged crystal electric field that leads to the Rashba effect. A similar effect was recently observed at the oxygen/Gd(0001) interface [9] . There, the Rashba effect at the clean Gd(0001) surface is relatively small and can be explained mainly as originating from spin-orbit interaction in heavy-atom Gd. After adsorption of oxygen a Gd-oxide is formed and a large charge transfer from the subsurface Gd layer to the oxide layer was observed. Ab initio calculations without inclusion of spin-orbit interaction demonstrate that in this case the gradient of potential plays the crucial role as origin of the Rashba "splitting". However, this model can be implemented for the graphene/Ni(111) system only in case of the spin-polarized π band of graphene. The spin-polarized carriers in the graphene layer can be due to hybridization or the proximity effect, which for example was observed for the Al/EuO interface [26] (EuO is ferromagnetic insulator and Al is close in electronic configuration of the valence band to carbon). Also, in C/Fe multilayers [27] and carbon nanotubes on Co substrate [28] magnetic moments of carbon atoms in order of 0.05-0.1 µ B were found at room temperature. On the other hand, since the Fermi surface of graphene is centered around the K point in reciprocal space where the Ni substrate has states of pure minority spin character [29] one may expect that predominantly spin-down electrons will fill π * states and produce the observed spin polarization of these states. We conclude that the observed Rashba effect in this system is due to interaction of spin-polarized electrons in the π band of the graphene layer with the large effective electric field at graphene/Ni(111) interface.
In conclusion, we report the first experimental evidence of a large Rashba "splitting" 
